The contamination of the aquatic environment by non-metabolized and metabolized antibiotic residues has brought the necessity of alternative treatment steps to current water decontamination technologies. This work assessed the feasibility of using a multistage treatment system for amoxicillin (AMX) spiked solutions combining: i) a biological treatment process using an enriched culture to metabolize AMX, with ii) a solar photocatalytic system to achieve the removal of the metabolized transformation products (TPs) identified via LC-MS, recalcitrant to further biological degradation. Firstly, a mixed culture (MC) was obtained through the enrichment of an activated sludge sample collected in an urban wastewater treatment plant (WWTP). Secondly, different aqueous matrices spiked with AMX were treated with the MC and the metabolic transformation products were identified. Thirdly, the efficiency of two solar assisted photocatalytic processes (TiO2/UV or Fe 3+ /Oxalate/H2O2/UV-Vis) was assessed in the degradation of the obtained TPs using a lab-scale prototype photoreactor equipped with a compound parabolic collector (CPC). Highest AMX specific biodegradation rates were obtained in buffer and urban wastewater (WW) media (0.10 ± 0.01 and 0.13 ± 0.07 gAMX gbiomass -1 h -1 , respectively). The resulting TPs, which no longer presented antibacterial activity, were identified as amoxicilloic acid (m/ z = 384). The performance of the Fe /Oxalate/H2O2/UV-Vis system in the 2 removal of the TPs from WW medium was superior to the TiO2/UV process (TPs no longer detected after 40 min (QUV = 2.6 kJ L -1 ), against incomplete TPs removal after 240 min (QUV = 14.9 kJ L -1 ), respectively).
Introduction
In the last decades, the use of antibiotics has evolved from preventing and treating human and veterinary infections to other applications in diverse areas, such as agriculture, aquaculture and animal husbandry (Martinez, 2009) . To this date, -lactams remain one of the most important and pre-scribed group of antibiotics (Sun et al., 2012; Versporten et al., 2011) , with amoxicillin (AMX), a broad-spectrum and semi-synthetic penicillin, as one of most relevant of its class. AMX is poorly metabolized in the organism and, consequently, around 80-90% is excreted in its original form (Hirsch et al., 1999) . Despite the high consumption, AMX is infrequently detected in environmental samples. Raw wastewater con-centrations can vary from 0.02 to 6.9 g L -1 and are easily eliminated by conventional treatments . The infrequent detection of AMX in the environment may be explained by low efficiency and sensitivity of extraction and detection methods, combined with the highly reactive -lactam ring, which is broken under environmental conditions, such as alkaline conditions (pH 7.5e9.0), water hardness and by b-lactamase action (Babington et al., 2012; Deshpande et al., 2004; Hirsch et al., 1999; Jerzsele and Nagy, 2009 ). Nevertheless, the low persistence of AMX in water matrices may be compensated by its intensive use and continuous discharge into the environment (Daughton and Ternes, 1999) .
Amoxicillin has low toxicity and, for that reason, direct effects in the environment are highly unlikely (Andreozzi et al., 2004) . Nevertheless, indirect effects, such as propagation of -lactam resistant bacteria (Martinez, 2009 ) and the impact of metabolites are more pressing concerns. Several studies reported an increasing proportion of b-lactam resistant organisms after wastewater treatment, which suggests that conventional WWTP may promote the spread of antibiotic resistance Zhang et al., 2009 ). This could also explain the frequent presence of resistance genes in different environmental compartments such as surface and drinking water, a tendency reported for all the major antibiotic classes, including penicillins (Vaz-Moreira et al., 2014) .
Resistance against AMX and other penicillins can occur by different mechanisms, and deactivation of this group of antibiotics through the action of b-lactamases is one of the most common and relevant (Drawz and Bonomo, 2010) . The products of AMX chemical or -lactamase hydrolysis are, to some extent, more recalcitrant than the parent compound and for that reason, have been frequently detected in both environ-mental samples and animal tissue (Lamm et al., 2009; Pe 'rez-Parada et al., 2011; Reyns et al., 2008) . Amoxicilloic acid is one of the major metabolites and in addition to its recalcitrant behaviour, this compound retains allergenic properties that can cause adverse reactions in sensitive individuals (Torres et al., 2010) .
Given the aforementioned detrimental effects, the development of treatment methods able to remove antibiotic residues and their by-products is henceforth an environmental priority. Advanced oxidation processes (AOPs) are known as highly efficient methods to treat otherwise recalcitrant organic pollutants. They are characterized by different ways of generating the highly reactive and nonselective hydroxyl radical ( • OH) and other reactive oxygen species (Gogate and Pandit, 2004a, b) . As a way of reducing operating costs, recent research has been focussing on the combination of AOPs able to use solar radiation as the source of UV photons, such as TiO2/UV and the photo-Fenton process, with biological degradation as a pre-or post-treatment stage (Elmolla and Chaudhuri, 2011; Gonza 'lez et al., 2008; Oller et al., 2011) . Our research groups have previously dealt with each of these processes separately. Barreiros et al. (2003) and Lopes et al. (2013) successfully isolated bacteria commonly found in contaminated sites and applied them, in situ, for the biodegradation of an organic pollutant.
Additionally, Pereira et al. (2013a Pereira et al. ( , 2013b ; Pereira et al. (2014) reported on the removal of antibiotics such as Amoxicillin, Oxytetracycline and Oxolinic Acid from aqueous solutions by solar TiO2-assisted photocatalysis and by the ferrioxalate-mediated solar photo-Fenton process using a pilot-plant equipped with compound parabolic collectors (CPCs). Although Amoxicillin has been previously subject to several degradation studies via various AOPs (Ay and Kargi, 2011; Dimitrakopoulou et al., 2012; Homem et al., 2010; Mavronikola et al., 2009; Trovo ' et al., 2011) , none has focused on the removal of common transformation products resulting from the slow transformation that the parent compound undergoes in aquatic environ-ments (Gozlan et al., 2013; La €ngin et al., 2009; Na €gele and Moritz, 2005) . In this way, the aim of this study was to evaluate a multistage treatment for AMX-spiked solutions combining: i) a biological treatment step to metabolize the AMX molecule, with ii) a solar photocatalytic system to achieve the mineralization of the transformation products (TPs), recalcitrant to further biological removal. Firstly, a mixed culture (MC) was obtained through the enrichment of an activated sludge sample collected in a WWTP treating urban wastewater in order to optimize AMX biotransformation. Secondly, different aqueous matrices spiked with AMX were treated with the MC, which constituted a surrogate of activated sludge, and the metabolic transformation products were identified. Thirdly, the efficiency of the photocatalytic step was assessed in the removal of the metabolized TPs in a labscale photoreactor prototype equipped with a compound parabolic collector (CPC). The two proposed solar AOPs are the well-known photocatalytic system mediated by TiO2 (TiO2/ UV) and a modification of the conventional photoFenton process in order to work with near-neutral pH levels, the Fe 3+ /Oxalate/H2O2/UV-Vis system. To the best of the authors' knowledge, this is the first study dealing exclusively with the application of AOPs to remove recalcitrant transformation products resulting from the natural degradation of antibiotics, which are often overlooked.
2.

Materials and methods
2.1.
Reagents
Amoxicillin (MW: 365.4, CAS# 26787-78-0, HPLC-UV chromatogram and MS/MS spectrum in Fig. 1a and b, respectively) was purchased from SigmaAldrich. HPLC-grade methanol was from Prolabo, H3PO4 (85% p.a.), KH2PO4
and (NH4)2SO4 from Merck (analytical grade) and yeast extract (YE) from Fisher Scientific. For the LC-MS analysis, methanol hyper-grade for LC-MS (LiChrosolv ® ) from Merck, water LC-MS Chromasolv ® and formic acid (98% p.a.) from Fluka were used. Syringe filters with 0.2 mm nylon membranes were purchased from Whatman and 0.45 mm nylon filter mem-branes from Supelco.
Titanium dioxide used in photocatalytic experiments was Degussa P25 (80% anatase and 20% rutile). Photo-Fenton experiments were performed using hydrogen peroxide (Quimite 'cnica, S.A., 50% (w/v), 1.10 g cm -3 ), iron (III) chloride hexahydrate (Merck) and oxalic acid dihydrate (VWR Prolabo, purity 98%). Sulfuric acid (Pronalab, 96%, 1.84 g cm -3 ) and sodium hydroxide (Merck) were used for pH adjustment.
2.2.
Microbial culture media
Mineral medium B (Barreiros et al., 2003) was used as microbial growth medium, supplemented with 0.53 g L -1 (NH4)2SO4 and 1 g L -1 yeast extract (YE) as nitrogen and carbon sources, respectively. This medium (pH = 7.2), hereafter designated as enrichment medium (EM), was supplemented with 0.01-0.03 g L -1 of AMX. Antibiotic stock solutions were prepared weekly in distilled water at a final concentration of 2 g L -1 and kept at -20 o C prior to use.
2.3.
Obtainment of a microbial culture enriched in AMX degraders
A sample from the aerobic activated sludge biological reactor collected in an urban WWTP (Northern Portugal) was diluted 2-fold in EM initially spiked with 0.01 g L -1 AMX. The enrichment culture was successively transferred to fresh medium with increasing AMX content, up to 0.03 g L -1 , and with initial cell densities corresponding to 0.02 g L -1 dry weight. Transferences were performed for 24 weeks at intervals of 1e15 d. Cultures were incubated at 30 o C and 120 rpm. The final culture obtained, which was used as a surrogate of activated sludge in the combined treatment system, was named mixed culture (MC).
2.4.
Bacteria isolation, characterization and identification
The MC was serially diluted in sterile saline solution (0.85%, w/ v), spread on Plate Count Agar (PCA) supplemented with AMX (0.03 g L -1 ) and incubated at 30 o C for 48 h. Individual colonies with distinct morphologies were purified by subculturing on the same medium. Isolates were identified by 16S rRNA gene sequence analysis. Amplification of the gene was performed by PCR using universal primers 27F (5'-AGAGTTT-GATCMTGGCTCAG-3') and 1492R (5'-TACCTTGTTACGACTT-3') (Lane, 1991) . Nucleotide sequences were compared to those available in public databases using Eztaxon server (http:// www.ezbiocloud.net/eztaxon) (Kim et al., 2012) .
Resting cells assays, performed according to Barreiros et al. (2003) , were carried out with each distinct isolate to determine their role in AMX degradation.
2.5.
Combined treatment process
In order to assess the influence of the aqueous matrix composition on the efficiency of the treatment, assays were carried out in EM, saline solution (NaCl, 0.85%, w/v), phosphate buffer (Buffer; 50 mM, pH 7.2), and wastewater (WW) collected after secondary wastewater treatment in an urban WWTP (in Northern Portugal). The main characteristics of each medium are presented in Table 1 . The high initial AMX concentration, 0.02 g L -1 , was chosen to properly follow the formation and depletion of the TPs by HPLC-UV/Vis analysis.
Biological treatment
The biological treatment step was carried out in a batch sys-tem using a 5 L Erlenmeyer flask, containing 1.2 L of the test matrix spiked with 0.02 g L -1 of AMX, in parallel with a control flask to monitor abiotic degradation. for the experiments in Buffer, NaCl and WW matrices, no bacterial growth was observed, and AMX degradation followed zero order kinetics. The degradation rate was obtained by simple linear regression, as expressed by Eq. (1): where S represents the substrate content at time t (mg L -1 ), S0 the substrate content at t = 0, t the time (h) and k the degradation rate (h -1 ). The half-life (t1/2) and the specific degradation rates (ks) were calculated as follows (Eqs. (2) and (3)): where X represents the biomass content in cell dry weight (mg L -1 ).
Solar photocatalytic treatment
In all experiments, 1.1 L (Vt) of the resulting supernatant from the biological treatment step was transferred into the recirculation glass vessel of the lab-scale photoreactor provided with a sunlight simulator (SUNTEST). A schematic 2 representation and a detailed description can be consulted elsewhere (Soares et al., 2014) . Two AOPs, the TiO2/UV system or the Fe 3+ /Oxalate/H2O2/UV-Vis process, were performed in order to assess their efficiency in the degradation and mineralization of the AMX metabolic by-products. The pH was not controlled in any of the reactions, in both AOP systems.
In the TiO2/UV experiments, 0.2 g L -1 of TiO2 was added to the bio-treated wastewater, the pH was adjusted to 5.5 with sulfuric acid and the solution was left to homogenize in darkness for 30 min. This TiO2 concentration was chosen because it is considered to be the optimal concentration when working with the CPC unit described in this work (internal diameter 46.4 mm) (Rodr´ıguez et al., 2004) , and is estimated to be able to absorb 100% of the incoming solar UV photons (Colina-Ma 'rquez et al., 2010). Before irradiation began, a sample was taken to check initial AMX and DOC concentration and TPs' HPLC-UV areas.
In the Fe 3+ /Oxalate/H2O2/UV-Vis experiments, oxalate was first added to the supernatant in a 1:3 (NaCl matrix) or 1:9 (WW matrix) iron/oxalate molar ratio dose and a sample was taken after 15 min. The pH was adjusted to 4.0 or 5.0 and iron (III) chloride was then added to achieve a concentration of 2 mg L -1 Fe (III), the total iron discharge limit into any water body, according to Portuguese legislation (Decree-Law n. o 236/ 1998). Any marginal effect on pH was then corrected, and the solution was left to homogenize for 15 min. Another sample was then taken, and the initial iron concentration was also confirmed. The solution was then pumped to the CPC unit (illuminated volume (Vi) = 270 mL; Vi/Vt ~ 0.24; ACPC = 0.025 m 2 ) before the SUNTEST was turned on.
Irradiation was set as I = 500 WUV m -2 , which is equivalent to 44 WUV m -2 measured in the wavelength range from 280 to 400 nm. Immediately after irradiation began, the initial H2O2 dose was added, while the pH of the solution was left uncontrolled. To avoid excess H2O2 in solution, a controlled dosage strategy was followed as suggested by Klamerth et al. (2010) , starting with an initial 30 mg L -1 (~0.9 mM) dose at the beginning of every experiment, with supplementary 30 mg L -1 additions performed along the reaction whenever the H2O2 concentration in solution approached 10 mg L -1 .
Samples were taken during the experiments at pre-defined times and filtered through 0.45 mm Nylon VWR membrane filters before analysis to evaluate the photodegradation process. For HPLC analysis, samples were quenched with methanol to stop any further reactions, while DOC analysis was performed immediately, without pretreatment.
2.6.
Analytical procedures AMX concentration and transformation products (TPs) areas were obtained by HPLC, in a system equipped with an UVeVis detector (Knauer), operating at 230 nm and using a 5 mm Superspher 100 RP-18e (125 x 4 mm) column from Merck.
For the mobile phase, a mixture of 96% (v/v) KH2PO4 buffer (50 mM) and methanol acidified at pH 3 with ortophosphoric acid was used at 1 mL min -1 .
Retention time for AMX was 11.8 ± 0.2 min. TP1, TP2, TP3 and TP4 were detected at 8.3 ± 0.2, 6.80 ± 0.09, 4.10 ± 0.03 and 2.70 ± 0.01 min, respectively.
Identification of the TPs was performed using a Varian LC-MS system (Lake Concentration of H2O2 was measured by the metavanadate method, according to Nogueira et al. (2005) . Dissolved iron concentration was determined by colourimetry with 1,10-phenantroline, according to ISO 6332.
A detailed description of the analysis of dissolved organic carbon (DOC) content (TC-TOC-TN analyzer), and low-molecular-weight carboxylate anions (LMWCA, ion chromatography) can be consulted elsewhere (Pereira et al., 2013b) . Additional LMWCA analysis was performed in the HPLC-DAD system, using a Rezex™ ROA-Organic Acid H + (8%), LC Column 300 x 7.8 mm. The isocratic method used 0.005 N H2SO4 delivered at a flow rate of 0.5 mL min -1 .
Run time was 50 min, injection volume 10 L and the wavelength of the detector was set at 210 nm. Sulfate, chloride and phosphate were quantified by ion chromatography (Dionex ICS-2100; column AS 11-HC 4 x 250 mm; suppressor ASRS 300 4 mm). Isocratic elution was performed using 30 mM NaOH at a flow rate of 1.5 mL min -1 .
Eq. (4) where tn is the experimental time of each sample (s), Vt the total reactor volume (L), Ar the illuminated collector surface area (m 2 ) and ̅̅̅̅̅ G;n the average solar ultraviolet radiation (W m -2 ) measured during the period tn (s).
3.
Results and discussion
3.1.
Characterization of the mixed culture (MC)
A mixed culture (MC) able to degrade AMX was obtained after enrichment of activated sludge with this antibiotic. MC was able to grow unimpaired up to 0.45 g L -1 AMX in the presence of 1 g L -1 YE. However, no growth was observed when AMX acted as a sole carbon source (data not shown). The spread plate method revealed the presence of 33 different morphotypes, which were affiliated to 6 distinct genera (Table 2 ).
All organisms were Gram-negative and the majority was affiliated to the phylum Proteobacteria, known to be common inhabitants of activated sludge (Zhang et al., 2012) . Within this group a high percentage of isolates was closely related to Citrobacter freundii, followed by Stenotrophomonas acid-aminiphila. Although in lower proportion, members of the phylum Bacteroidetes were also isolated. When individually tested in phosphate buffer (0.05 M, pH 7.2, 0.035 g L -1 AMX), resting cells of all isolates were able to degrade AMX, albeit at different rates. The overall specific degradation rate of the MC (0.11 gAMX gbiomass -1 h -1 ) closely corresponded to that of C. freundii (0.09 gAMX gbiomass -1 h -1 ).
Other isolates exhibited either slower (Elizabethkingia meningoseptica, 0.03 gAMX g gbiomass -1 h -1 ), or higher (Stenotrophomonas nitritireducens, 2.95 gAMX gbiomass -1 h -1 ) degradation rates.
These results suggest that all the isolates express -lactamases. Indeed, members of the same taxa have been described as carriers of different b-lactam resistance genes (Gonzalez and Vila, 2012; Henriques et al., 2012; Literacka et al., 2004; Vaz-Moreira et al., 2011) . In addition, AmpC -lactamase, a class C serine cephalosporinase, is frequently found in enterobacteria, such as C.
freundii (Drawz and Bonomo, 2010) , while metallo--lactamases, class B zinc -lactamases, are expressed by members of E. meningoseptica, Stenotrophomonas sp. and Pseudomonas sp. (Drawz and Bonomo, 2010; Galleni et al., 2001) , which are able to degrade most -lactam antibiotics including carbapenems (Walsh et al., 2005) . Given their wide diversity (Drawz and Bonomo, 2010) , -lactamases may possess different affinities for AMX, which may explain the significant differences in the degradation rates observed in the present study. Because a mixed culture is a better surrogate of activated sludge than axenic bacterial cultures, MC was further used in the combined treatment.
3.2.
Combined treatment for AMX removal
In order to assess the influence of the aqueous matrix composition in the efficiency of the combined treatment, as-says were performed in EM, Buffer and NaCl solution. Given our major aim was the assessment of the feasibility of using this process in the decontamination of real waters, the efficiency of the combined system in the removal of AMX and degradation products thereof was also carried out in treated urban wastewater.
Biological degradation step performance
In all tested matrices, the biodegradation of AMX occurred concomitantly with the accumulation of TP1, which subsequently yielded TP2, both detected by HPLC analysis (HPLC-UV/Vis chromatograms in Fig. 1a ). Further analysis of these metabolites by LC-MS/MS indicated that they had similar mass spectra, equivalent to that of amoxicilloic acid ([C16H21N3O6S + H] + , m/z = 384, Fig.   1c ), the product of b-lactamase action (Deshpande et al., 2004; Na €gele and Moritz, 2005) . Although LC-MS/MS was unable to distinguish TP1 from TP2, these products were, probably, the stereoisomers (5R,6R) and (5S,6R) of amoxicilloic acid, identified before (Pe 'rez-Parada et al., 2011). The results obtained in the present study suggest that the enzymatic catalysis favours the formation of one of the isomers. This behaviour was also observed by Lewis et al. (1997) , which confirmed the formation of the (5R,6R) isomer mediated by a serine -lactamase and consequent epimerization to the (5S,6R) configuration by non-enzymatic mechanisms. The hydrolysis of the b-lactam ring results in the total loss of antimicrobial activity, which was herein confirmed by experimental data. By the end of the biological step, the liquid phase no longer inhibited the growth of E. coli, whereas its effect against S. aureus was greatly reduced, as shown, as an example, in the experiment performed in the NaCl matrix (Fig. 2) .
AMX hydrolysis by the MC followed a zero-order kinetic model, except in the assay carried out in EM. In this particular case, the presence of YE resulted in increasing biomass con-tent over time, with the degradation following firstorder kinetics, not allowing a direct comparison with the experiments carried out in other matrices. AMX biodegradation was significantly faster (p < 0.05) in Buffer and WW than in the NaCl matrix, while Buffer and WW matrices displayed similar specific degradation rates (p > 0.05) ( Table 3 ). Given that TP1/2 result from the hydrolysis of the beta-lactam ring, the DOC remained constant in all experiments, except in the EM matrix, where the consumption of YE by the MC led to a 25% decrease in the initial carbon content (Fig. 3a and b, left side) . These results and observations highlight the need of complementing AMX biodegradation with the proposed photocatalytic methods for the removal and mineralization of the resulting transformation products.
For the combined treatment assays, the endpoint of the biological step was set between 90 and 95% of AMX depletion, which corresponded to incubation periods ranging from 3.2 to 4.8 h, for Buffer and NaCl matrices, respectively (Table 3) . However, possibly given the high stability of the b-lactamases produced by the MC members and extracellular release by leakage into the medium (Livermore, 1995) , AMX transformation was not hampered during the processing of the samples, and transference of the supernatant into the photoreactor. Consequently, the AMX concentration at the beginning of the AOPs treatments was below the quantification limit (0.5 mg L -1 ) ( Fig. 4a and b, before irradiation). As expected, by the end of the biological degradation step, no significant DOC reduction was observed in all the matrices with low initial DOC content (0 to approximately 1 mg L -1 of DOC reduction). In opposition, the utilization of yeast extract as carbon and energy source allowed a DOC reduction of about 25% in the EM matrix.
TiO2/UV photocatalysis step performance
During preliminary TiO2/UV photocatalytic experiments, where the pH was kept unchanged, the removal of TP1/TP2 was remarkably slow (data not shown), with no apparent mineralization. To the best of our knowledge, no information regarding the pKa constants of TP1/TP2 is available, thus not allowing any direct conclusion regarding the role of electro-static attraction between TiO2 particles and TP1/TP2 molecules. For that reason, all the matrices were acidified (5.5) prior to photocatalytic treatment to take advantage of the positive effect of increased catalyst surface when smaller TiO2 particle size is favoured under pH values lower than the Point of Zero Charge of Degussa P25 (pHPZC = 6.7 (Malato et al., 2009 )), as recommended by Li et al. (2010) .
The NaCl solution was the most favourable matrix, as TP1 and TP2 were no longer detected after 90 min of illumination (QUV = 5.3 kJ L -1 ), followed by the Buffer matrix, which required 180 min of illumination (QUV = 10.9 kJ L -1 ).
However, a third unidentified TP (TP3) accumulated in all matrices (Fig. 3a and   b ). In the WW experiment, a fourth product also accumulated (TP4), albeit transiently (Fig. 3b) .
Differences in matrices complexity in EM and WW experiments seem to account for the inability of completely removing TP1/TP2 under similar photo-treatment periods. The pronounced amount of organic matter compared to the simpler matrices may have not only competed with the catalyst for absorption of incident UV radiation, but also with the TP1/TP2 attack by the generated • OH radicals. Controls were performed in the absence of light and no considerable effects were found. Despite the initial decreases in the DOC content due to the adsorption of organic matter onto the surface of the catalyst, no notable DOC removal occurred during the illumination period. This can be explained by the high concentrations of Cl -(NaCl) and PO4 3-(Buffer) in the respective matrices, which might have affected the mineralization process via competitive adsorption onto the TiO2 sur-face, their • OH radical scavenger properties, and finally, via the formation of less reactive inorganic radicals, as suggested by Guillard et al. (2005) and De Laat et al. (2004) . The exception was the NaCl experiment, which saw a 35% DOC reduction after 180 min, when compared to the initial value before the catalyst addition step (Fig. 3b) .
Photo-Fenton step performance
Given the apparent unsuitability of using the TiO2/UV system with the most realistic matrix (WW), the Fe 3+ /Oxalate/H2O2/ UV-Vis system was tested as an alternative suited to near-neutral pH levels. Beforehand, some considerations about this treatment must be made. The conventional photoFenton process, as simplified by Gogate and Pandit (2004b) , comprises the combination of ferrous iron (Fe 2+ ) with hydrogen peroxide (H2O2) and (solar) UV-Vis radiation resulting in the production of two moles of • OH per mole of hydrogen peroxide (Eqs. (5) and (6)):
The solubility of Fe 3+ -hydroxy complexes, especially considering the molar fraction of the most photoactive species, [Fe(OH)] 2+ (with absorption bands between 290 and 400 nm), is very limited for pH values above 3 (Pignatello et al., 2006) , which would demand additional costs of initial acidification and final neutralization of the solution. However, this can be overcome by means of the formation of Fe(III)-carboxylate complexes, which are able to extend the solubility of iron to near neutral pH working conditions. At the same time, these complexes present stronger radiation absorption at wavelengths up to 580 nm and can increase the quantum yield of Fe 2+ production according to Eq. (7) (Jeong and Yoon, 2005; Pignatello et al., 2006) : For this reason, the Fe(III)-oxalate complex was chosen, as the quantum yield of its two most photo-active species, Fe(C2O4)2 -and Fe(C2O4)3 3-, were reported by Faust and Zepp (1993) as being 1.0 and 0.6 (436 nm), respectively.
The working pH of the consequent experiments was decided according to the distribution of these species in solution. In view of that, MINEQL þ software was used to study the distribution of the Fe (III) complexes as a function of pH.
The presence of inorganic ions such as PO4 3-, SO4 2-and Cl -in the different matrices (Table 1) , which can compete with oxalate for available iron, thus hindering the process performance (De Laat et al., 2004) , was also considered.
The following oxalate and iron-oxalate equilibrium reactions were introduced in MINEQL+, with dissociation constants (Panias et al., 1996) corrected using the Davies equation for the approximate ionic strength of the corresponding matrix:
Notwithstanding the use of the iron(III)-oxalate complexes, the solubility/concentration of iron (III) would be highly limited by the high phosphate content of the Buffer and EM media, which would result in the immediate precipitation of the mineral Strengite (FePO4.2H2O). Additionally, the amount of organic carbon of the EM matrix would also be highly deleterious.
For these reasons, photo-Fenton experiments were not performed in these two matrices. Fig. 4 a and b shows the calculated iron speciation diagrams according to the molar concentration of each known component (Table 1) fraction is shown to quickly rise near pH = 5.0, and becomes dominant at pH = 6.0 (Fig 4a) , while in WW matrix, iron is expected to precipitate in the form of Strengite (FePO4.2H2O) after pH = 5.5, and as Ferrihydrite (Fe(OH)3 (s)) after pH = 6.0 (Fig. 4b) .
The results on TP1/TP2 removal from NaCl and WW matrix can be seen in Fig.   5a and b (right), respectively.
Compared to the TiO2/UV system, TP1/TP2 removal was clearly improved, in both matrices and respective pH0 values. In both pH0 = 4.0 experiments, TP1/TP2 were no longer detected after 20 min of illumination (QUV = 1.3 kJ L -1 ), while the pH0 = 5.0 experiments required a longer period of illumination, 40 min (QUV = 2.6 kJ L -1 ). In WW experiments, a third unidentified TP (TP3) appeared at 10 min of illumination, but it was no longer detected after 60 min (QUV = 4.0 kJ L -1 ). Control experiments performed in darkness did not show significant TP1/TP2 removal in the same period. The general influence of pH on the experiments may be explained with the distribution of the above mentioned Fe (III)-oxalate species. Even considering the differences in their relative proportion over pH due to different iron/oxalate molar ratio doses, the fraction of most photo-active species, Fe(C2O4)2 -, tends to be higher around pH = 4.0, compared to pH = 5.0. The higher consumption of H2O2 seems to attest to this fact.
The process details for both matrices can be seen in Fig. 5a Up until this point in both NaCl matrix experiments, nevertheless, reduction of DOC exceeded the oxalate depletion, and an average of 45% of the remaining DOC was already in the form of tartronate, oxamate, malonate, glycolate, formate and acetate, besides a lower amount of oxalate itself.
In both WW experiments, on the other hand, DOC decreased along with the oxalate depletion, with vestigial amounts of other LMWCA.
Given the abovementioned fact that, in each matrix and tested pH0 level, complete, or near complete TP1/TP2 removal occurred by 40 min of illumination, the process was extended with additional dosages of oxalate (marked as +Ox in Fig 6 a and b) , in order to keep iron in solution and see the effects on the remaining DOC content.
Notwithstanding the added carbon with each oxalate addition, and the apparent levelling of DOC content in both NaCl and WW experiments, depletion of oxalate was quick between additions. After 120 min of illumination (QUV = 8.3 kJ L -1 ) in NaCl experiments, an average of 55% of the final DOC content was in the form of LMWCA. In WW medium, only the pH0 = 4.0 experiment benefited with the additional oxalate, as it can be seen in the progressive decrease of DOC content and its final 48% amount in the form of LMWCA, compared to 28% in the case of pH0 = 5.0. In the same irradiation period, initial DOC concentration was altogether reduced in the NaCl matrix by 54% (pH0 = 4.0) and 51% (pH0 = 5.0), while in the WW matrix it was reduced by 48% (pH0 = 4.0) and 21% (pH0 = 5.0).
4.
Conclusions
In this work, a mixed culture able to degrade the antibiotic Amoxicillin in different matrices was successfully obtained and characterized. AMX removal was concomitant with the accumulation of transformation products, which were putatively identified as stereoisomers of amoxicilloic acid, and did not show antibacterial activity. However, they resisted further bacterial action, which brought up the need of a further, more efficient treatment. In this way, a complementary photo-catalytic oxidation step was proposed to enhance AMXC degradation in a lab-scale apparatus simulating solar radiation, equipped with a CPC photo-reactor. The first process proposed was a photocatalytic system promoted by 0.2 g L -1 of TiO2 (TiO2/UV), carried out at pH0 = 5.5. In NaCl and Buffer, the respective TP1/TP2 peaks were no longer detected after 90 (QUV = 5.3 kJ L -1 ) and 180 (QUV = 10.9 kJ L -1 ) min of illumination. In the most complex matrices (EM and WW), however, TPs were still present after 180 min, the end of the irradiance period. Additionally, none of the TiO2/UV experiments showed considerable DOC removal (maximum of 35% during the NaCl experiment). The Regardless of the need of supplementary oxalate additions to extend the process beyond TP1/TP2 removal, the remaining carbon content was either converted to easily biodegradable low-molecular-weight carboxylate anions or removed in higher proportions after only 120 min (QUV = 8.3 kJ L -1 ), the end of the photocatalytic step. The Fe 3+ / Oxalate/H2O2/UV-Vis system should thus be preferred for this kind of treatment, even at near neutral pH levels. Generally speaking, research concerning treatment methods to remove pharmaceuticals such as antibiotics from effluents mainly focuses on the parent compounds.
Nevertheless, importance must also be given to naturally occurring by-products, which can also present environmental risks by themselves. In this way, combined treatments, such as the one proposed in this work, should be further developed for safe effluent discharge. 
